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ABSTRACT 

Extensive  research  has  been  conducted  in  growing  and  characterizing  semiconductor  nanowires,  especially  in  demonstrating  unique  lasing 
capabilities  of  our  nano  wire  materials  and  structures.  The  key  results  achieved  include  a  novel  growth  method  strategy  that  is  termed  “dual¬ 
gradient  method”.  This  dual  gradient  method  has  been  utilized  to  grow  a  wide  range  of  novel  alloy  semiconductor  nanowires  and  led  to  a 
wide  array  of  new  nanomaterials  such  as  first  quaternary  semiconductor  alloy  nanowires,  spatial-composition  graded  alloy  nanowires  with 
emission  covering  the  complete  visible  spectrum  emission  from  a  single  substrate,  and  widely  tunable  lasing  on  a  single  substrate  from  500 
to  700  nm.  More  recently  the  further  exploration  of  such  growth  has  led  to  the  first  dual-color  (red  and  green)  lasing  from  a  single  nanosheet 
and  dynamically  tunable  color  lasing  between  green  and  red  from  a  single  nanowire.  The  second  part  of  the  work  for  the  extension  period 
involved  investigation  of  electrical  injection  single  nanowire  laser  work.  Extensive  design  and  fabrication  study  has  been  conducted.  While 
our  designs  have  shown  great  promise  and  various  fabrication  steps  have  been  verified,  a  working  electrical  injection  laser  has  not  been 
achieved.  We  believe  that  we  have  gained  a  lot  of  understanding  of  the  issues  involved. 
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Abstract 


Extensive  research  has  been  conducted  in  growing  and  characterizing  semiconductor  nanowires, 
especially  in  demonstrating  unique  lasing  capabilities  of  our  nano  wire  materials  and  structures. 
The  key  results  achieved  include  a  novel  growth  method  strategy  that  is  termed  “dual-gradient 
method”,  which  combines  the  temperature  gradient  with  source  (precursor)  material  composition 
gradient  to  optimize  the  growth  condition  for  semiconductor  alloy  nanowires.  This  dual  gradient 
method  has  been  utilized  to  grow  a  wide  range  of  novel  alloy  semiconductor  nanowires  and  led 
to  a  wide  array  of  new  nanomaterials  such  as  first  quaternary  semiconductor  alloy  nanowires, 
spatial-composition  graded  alloy  nanowires  with  emission  covering  the  complete  visible 
spectrum  emission  from  a  single  substrate,  and  widely  tunable  lasing  on  a  single  substrate  from 
500  to  700  nm.  The  possibility  of  such  novel  materials  to  be  used  for  novel  solar  cells  was  also 
explored,  with  some  basic  design,  simulation  demonstrated,  and  preliminary  fabrication 
undergoing.  More  recently  the  further  exploration  of  such  growth  has  led  to  the  first  dual-color 
(red  and  green)  lasing  from  a  single  nanosheet  and  dynamically  tunable  color  lasing  between 
green  and  red  from  a  single  nanowire.  Such  unique  functionalities  were  all  enabled  because  of 
the  novel  method  being  developed  and  the  novel  materials  grown  as  a  result.  Many  of  the 
demonstrated  lasing  capabilities  are  novel  and  impossible  with  the  traditional  planar  epitaxy 
technologies.  We  believe  that  such  novel  functionalities  demonstrated  provide  basis  for  more 
applied  research  projects  in  the  future  to  further  develop  them  into  more  practical  devices  and 
real  world  solutions  for  the  DOD  and  for  the  commercial  world. 

The  second  part  of  the  work  for  the  extension  period  involved  investigation  of  electrical  injection 
single  nanowire  laser  work.  Extensive  design  and  fabrication  study  has  been  conducted.  While 
our  designs  have  shown  great  promise  and  various  fabrication  steps  have  been  verified,  a 
working  electrical  injection  laser  has  not  been  achieved.  Apparently  the  time  and  efforts  needed 
are  beyond  what  was  possible  under  the  present  support.  This  subject  remains  a  challenge  for  the 
entire  community,  since  no  other  group  has  been  able  to  demonstrate  a  single  nanowire  lasing 
under  electrical  injection  10  years  after  the  first  experimental  work  was  published.  We  believe 
that  we  have  gained  a  lot  of  understanding  of  the  issues  involved.  Our  design  and  fabrication 
process  have  potential  advantages  over  many  other  approaches  available  in  the  literature.  The 
related  research  is  still  on  going  with  a  reduced  level  of  efforts  without  external  funding,  in 
informal  collaboration  with  a  few  international  groups. 


Summary  Description  of  Major  Research  Results 


1.  Lasing  demonstration  using  individual  PbS  nanowires:  In  the  proposed  efforts,  we  have 


3400  3500  3600 


3700  3800  3900 

Wavelength  (nm) 


4000  4100  4200 


Wavelength  (nm) 

Figure  1  PL  spectra  of  as-grown  PbS  wires  on  Si  substrate  with  increasing  pump  power  at  77K  (left),  showing 
transitions  from  spontaneous  emission  to  lasing,  and  for  several  temperatures  from  10K  to  115K  (right) 


mostly  concentrated  on  visible  and  short  wavelengths  and  have  successfully  achieved  alloys 
of  ZnCdSSe  to  have  the  light  emission  or  lasing  covering  the  entire  visible  spectrum,  as 
reported  elsewhere  in  this  proposal.  To  expand  the  wavelength  to  longer  wavelength,  we 
started  to  alloy  CdS  with  PbS,  since  PbS  has  a  bandgap  in  the  midinfrared  (4  microns),  this 
alloy  would  allow  us  to  eventually  cover  wavelength  range  between  500  nm  and  4  microns. 
Such  material  would  have  a  lot  of  applications  in  mid-infrared  lasing,  solar  cells  and  multi¬ 
wavelength  detectors  (visible  and  MIR).  As  a  first  step,  we  were  able  to  grow  high  quality 
PbS  microwires  of  several  tens  of  microns  in  length.  Such  wires  have  one  of  the  best  light 
emission  properties  compared  to  other  materials  of  this  wavelength  range.  As  a  result,  we 
were  able  to  demonstrate  lasing  of  a  single  such  wire  up  to  1 15K.  As  shown  in  Fig.  1,  a 
single-mode  lasing  peak  around  3.1  microns  with  peak  width  of  4  nm  was  observed  from  as- 
grown  PbS  wires  on  Si  substrate  at  77K.  The  lasing  threshold  has  a  value  around  3.3  kWcm'2, 
which  is  also  among  the  lowest  threshold  compared  to  other  wires.  This  work  on  PbS  wires 
represents  the  longest  wavelength  lasing  from  nanowires  ever  demonstrated. 


2.  Systematic  understanding  of  PbS  growth  mechanism 

Understanding  the  growth  mechanisms  of  semiconductor  nanowires  is  important  for  the  long 
term  goal  of  developing  devices  based  on  such  nanomaterials.  To  this  end,  growth  modes  of  PbS 


wires  were  systematically  investigated  under  different  growth  conditions.  Three  distinct  growth 
modes  were  indentified,  including  vapor-liquid-solid  (VLS)  growth  of  wires  directly  from  the 
substrate,  VS  deposition  of  bulk  crystallites,  and  subsequent  VLS  wire  growth  on  top  of  the  bulk 
crystallites,  as  shown  in  Fig.  2.  The  dominant  growth  modes  were  related  to  source  vapor 
supersaturation  levels,  which  is  important  information  for  the  design  of  experiments  to  create 
wires  of  desired  morphologies. 


Figure  2:  PbS  wires  with  various  supersaturation  levels  and  corresponding  morphologies:  low  supersaturation 
with  VLS  growth  of  wires  from  substrate,  intermediate  supersaturation  with  oriented  VLS  wires  grown  on  top  of 
large  bulk  crystallites,  and  high  supersaturation  with  randomly  oriented  VLS  wires  on  top  of  bulk  crystallites. 


3.  CdS-PbS  and  CdS-CdSe  Alloying  and  Spatial  Orientation  by  Contact  Printing 
(Collaboration  with  Javey’s  group  at  Berkeley) 
a.  CdS-CdSe  Alloy  Growth  for  Contact  Printing 

CdS-CdSe  alloy  growth  by  the  dual  gradient  method  was  optimized  to  maximize  the  growth  of 
nanowires  instead  of  nanobelts  in  the  Se-rich  regime.  The  alloy  gradient  wires  were  contact 
printed  onto  a  receiver  substrate  to  align  the  wires  for  potential  device  applications. 


Figure  3:  Schematic  diagram  of  contact  printing  process  (left)  and  SEM  images  (right)  before  (top)  and  after 
(bottom)  contact  printing. 


b.  PbS-CdS  Alloy  and  Heteostructure  Nanobelts 

PbS-CdS  alloying  experiments  resulted  in  nanobelts  which  appear  to  have  an  interface  or 
heterostructure-type  morphology  between  Pb-rich  and  Cd-rich  regions.  PL  characterization  in  the 
visible  spectrum  indicated  a  CdS-rich  alloy  with  a  544  nm  bandedge  emission  peak,  shifted  from 


pure  CdS  bandedge  emission  at  512  nm,  and  very  strong  surface  states  around  690  nm  which  is 
shifted  from  PbS  bandedge. 


Figure  4:  SEM  (left)  and  PL  (right)  of  PbS-CdS  alloy  nanobelts.  The  contrast  change  in  the  SEM  indicates  the 
heterostructures  formed  with  alloys  of  two  different  compositions. 


A  pressure  shutter  method  was  implemented  to  increase  interaction  between  source  vapors 
during  growth.  XRD  of  the  nanobelts  on  textured  film  showed  both  cubic  and  hexagonal  phases 
of  CdS,  in  addition  to  peaks  located  between  the  reference  pattern  peaks  for  PbS  and  CdS, 
indicating  a  solid-solution  alloy  phase.  The  solid-solution  alloy  phase  is  an  important 
demonstration  of  alloying  efforts  towards  an  alloy  gradient  between  PbS  and  CdS. 


Figure  6:  SEM  (left)  and  XRD  (right)  of  PbS-CdS  alloy  nanobelts  and  textured  film. 


Alloying  of  CdS  and  PbS  could  potentially  provide  an  important  semiconductor  with  a  wide 
range  of  bandgaps,  with  bandedge  emission  from  mid-infrared  to  visible  green,  for  various 
optoelectronic  applications.  We  have  investigated  the  possibility  of  PbCdS  alloy  formation  in 


nanowire  and  nanobelt  forms,  especially  the  dependence  of  alloy  composition  on  two  different 
cooling  routes.  Our  results  show  that  rapid  cooling  immediately  after  the  growth  phase  can  lead 
to  a  high-quality  uniform  alloy  with  Cd  composition  larger  than  possible  at  thermal  equilibrium 
and  by  natural  cooling.  On  the  contrary,  unassisted  natural  cooling  leads  to  the  formation  of  axial 
or  core-shell  heterostructures,  containing  segments  with  pure  CdS  and  PbCdS  alloys  with  lower 
Cd  content  than  through  rapid  cooling.  Such  heterostructures  with  green  and  mid-infrared 
emission  provide  simultaneous  access  to  two  widely  separated  wavelengths  from  a  single 
monolithic  structure  and  can  be  important  for  many  applications.  Our  results  can  help  identify 
strategies  for  growing  nanostructures  with  uniform  alloy  of  high  Cd  incorporation,  core-shell 
structures  with  shell  serving  as  a  passivating  or  protecting  layer,  or  interesting  longitudinal 
heterostructures.  Both  various  heterostructures  and  uniform  alloys  of  these  materials  could  be 
important  for  high-efficiency  solar  cells,  novel  detectors,  and  nanolasing  in  wide  spectral  ranges. 


c.  Multi-Colored  Nanostructures  from  PbS-CdS  Growth 

Initial  efforts  of  using  the  dual  gradient  method  to  create  PbS-CdS  alloy  gradient  samples 
resulted  in  substrates  with  multi-colored  areas,  including  an  orange  region  with  long,  textured 
wires  with  significant  EDS  Pb  signal.  The  orange  region  does  not  have  PL  signal  in  the  visible 
range.  Peaks  around  2350  nm  and  2100  nm  were  observed,  which  are  significantly  blue-shifted 
from  the  pure  PbS  peak.  The  visible  orange  color  is  not  due  to  the  change  in  band  gap  due  to 
alloying,  instead  possibly  due  to  a  light  scattering  effect. 
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Figure  7:  Color  photograph  (top  left),  SEM  (bottom  left),  and  PL  spectrum  (right)  of  PbS-CdS  alloy  wires  with 
comparison  to  pure  PbS  signal. 


4.  Templated  Growth  (in  collaboration  with  Javey  of  Berkeley  and  Xiuling  Li  of  UIUC) 
a.  Au- Assisted  Etched  Si  Template 

Template  arrays  were  created  by  Au- assisted  etching.  SEM  imaging  after  CdS  growth  shows 
many  nucleated  CdS  wires  with  some  wires  extending  out  of  the  pores.  Work  is  ongoing  to 


optimize  the  etching  process  for  repeatable  arrays  and  to  optimize  the  CdS  growth  parameters  for 
large  diameter  wires  and  high-yield  growth  with  one  wire  per  pore. 


As  received  After  CdS  Growth 


Figure  8:  SEM  images  of  Si  template  before  (left)  and  after  nanowire  growth  (right).  Some  nanowire  overgrowth  is 
visible  which  can  be  removed  by  cleaning  with  ion  beam. 

b)  Arrayed  Nanowire  Growth  Based  on  Anodic  Aluminum  Oxides 
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Figure  9  (left)  Templated  growth  of  CdS  nanowire  arrays  from  the  AAO  pores,  (right)  PL  spectra  measured  with 
different  excitation  angles,  the  narrow  linewidth  showing  good  quality  of  wires. 


To  make  our  unique  nanowires  compatible  the  standard  fabrication  technique  of  optoelectronic 
devices,  vertical  array  of  nano  wires  will  be  preferred.  With  the  AAO  template  provided  by 
Javey’s  group  at  Berkeley,  we  have  successfully  grown  array  of  CdS  nanowires  from  the  AAO 
pores,  as  shown  in  Fig.3.  PL  measurement  showed  that  the  wires  are  of  high  crystal  quality, 
showing  PL  spectrum  near  the  bandgap  with  width  as  narrow  as  the  PL  grown  without  AAO. 

The  purpose  is  to  be  able  to  control  the  orientation  of  nanowires  and  achieve  regular  arrays  for 
many  applications.  Currently  we  are  working  to  improve  the  growth  and  increase  the  wire  height. 

5)  Super  Broadly  Continuously  Tunable  Lasing  between  500-700  nm  on  a  Single  Chip 

By  taking  advantage  of  the  temperature  dependence  of  the  alloy  composition  as  a  function  of 
local  growth  temperature  on  a  substrate  in  a  CVD  growth,  we  engineered  a  temperature  gradient 


along  the  axial  direction  of  a  CVD  reactor  where  we  positioned  a  1 .2cm  long  substrate.  In  a 
CVD  growth,  we  placed  CdS  and  CdSe  powders  near  the  center  of  a  CVD  reactor  where  the 
temperature  is  around  1000  degree  Celsius.  The  chemical  valor  containing  Cd,  S,  and  Se  was 
then  transferred  using  the  carrier  gas  to  the  downstream  of  the  reactor  and  then  deposited  onto 
the  substrate.  Due  to  the  temperature  dependence  of  the  incorporation  rates  of  different  elements 
into  the  ternary  alloy  CdSSe,  a  spatially  varying  ratio  of  S/Se  is  achieved,  resulting  a  complete 
composition  range  from  pure  CdS  to  pure  CdSe  via  CdSSe  along  the  length  of  the  substrate.  The 
corresponding  bandgap  change  is  reflected  on  the  color  change  in  the  substrate  as  shown  in  Fig.  1 . 
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Figure  10  Real  color  image  of  nanowire  sample  of  1.2  cm  long  (top).  The  color  change  is  a  result  of  bandgap  changing  from 
left  to  right.  This  was  made  possible  through  a  composition  grading  of  alloy  composition.  Spatial-resolved  microscope 
photoluminescence  collected  at  16  points  along  the  length  of  the  substrates  (bottom).  The  sharp  spectral  lines  indicate  lasing 
action  already  happened  at  high  optical  pumping. 

The  single  crystal  ternary  alloy  deposited  has  a  high  quality,  as  evidenced  by  the  PL 
measurement  which  showed  strong  bandgap  emission.  The  interesting  result  of  this  work  was  the 
demonstration  of  lasing  with  a  tunable  wavelength  between  500  nm  and  700  nm,  corresponding 
bandgap  lasing  of  CdS  and  CdSe  respectively.  This  is  by  far  the  widest  wavelength  tuning  on  a 
single  substrate  in  any  semiconductor  lasers  and  the  results  were  published  in  Nano  Letters 
(paper  2  of  the  Papers  Published).  The  results  were  widely  reported  in  technology  Magazines 
(such  as  R  &  D  Magazine,  Laser  Focus  etc)  and  Websites  (optics.org  etc). 

6).  First  demonstration  of  quaternary  alloy  nanowires  and  nanobelts. 

Since  our  ultimate  goal  of  this  project  is  to  realize  tunable  lasers  with  wavelength  from  red  to 
blue  and  UV.  It  was  necessary  to  incorporate  widegap  compound  such  as  ZnS  into  our  spatially 
graded  alloy  study.  We  used  an  improved  co-thermal  evaporation  route  to  achieve  for  the  first 
time  quaternary  alloy  semiconductor  nanostructures,  using  ZnxCdi-xSySei.y  nanobelts  as  an 


example.  The  composition  of  the  achieved  alloys  can  be  tuned  by  controlling  the  molar  ratio  of 
the  source  materials,  resulting  in  their  bandedge  light  emission  to  be  continuously  tunable  across 
the  entire  visible  spectrum.  This  material  system  in  its  complete  bandgap  range  has  never  been 


Figure  11  (a)TEM  image  of  an  examined 
quaternary  belt  and  its  corresponding 
energy  dispersive  x-ray  diffraction 
elemental  profile  measured  from  a  point 
in  the  belt;  (c)-(f)  The  2D  element 
mapping  for  the  detected  four  elements, 
Zn,  Cd,  S  and  Se,  respectively. 
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Figure  11  (b)  The  normalized  PL  spectra  of  the 
achieved  quaternary  ZnxCdl-xSySel-y  nanobelts 
excited  with  a  pulsed  frequency-quadrupled  Nd:YAG 
laser  (266  nm).  The  data  above  the  spectra  show  the 
relative  composition  x  and  y  values. 


7.)  Spatial  alloy 

composition  grading 
over  the  entire  visible 
spectrum 

In  section  1),  we  reported 
the  composition  grading  to 
produce  bandgap  change 
corresponding  to  the 
wavelength  range  from 
500nm  to  700  nm.  In 
section  2),  we  reported  the 
first  quaternary  alloy 
nanowires  with  bandgap 
emission  from  UV  to  red 
over  the  entire  visible 

spectrum  where  each  individual  composition  (bandgap)  is  produced  by  a  separate  growth.  It  is 


achieved  in  any  form  of  single  crystals,  bulk  or  nanomaterials.  Such  composition  widely 
controlled  alloy  nanostructures  provide  a  new  material  platform  for  a  wide  range  of  applications 
from  wavelength-tunable 
lasers,  multicolor  detectors, 
full-spectrum  solar  cells, 

LEDs  to  color  displays, 
many  of  which  are  under 
active  pursuit  currently. 
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Figure  12  CVD  setup  with  two  minitubes  inside  a  horizontal  reactor  (a)  and  the 
micro-PL  measurements  at  40  locations  along  the  length  of  the  nanowire  wafer 
substrate  (b),  showing  the  bandedge  emission  changing  from  UV  to  red  as  a  result 
of  bandgap  grading.  Inset  (al)  shows  the  temperature  profile  and  inset  (a2)  shows 
the  real  color  pictures  of  as  grown  sample  under  room  lighting  (top)  and  under  a  UV 
illumination. 


natural  to  ask  if  the  entire  visible  spectrum  range  could  be  produced  by  a  single  growth  using 
spatial  composition  grading  as  in  Section  1).  While  such  composition  grading  was  done  in  the 
case  of  section  1)  using  temperature  grading  (TG),  it  turned  out  very  difficult  to  achieve  this  over 
the  entire  visible  spectrum  by  using  TG  alone.  A  method  used  recently  by  a  group  at  Berkeley 
was  to  use  three  mini-tubes  inside  a  big  horizontal  reactor  (see  Fig, 3),  where  different  source 
materials  were  placed  inside  different  mini-tubes.  The  spatial  configuration  of  mini-tubes 
determines  the  spatial  profile  of  the  deposited  materials  on  a  substrate.  We  call  this  method 
source  material  profiling  (SMP).  In  the  Berkeley  experiment,  the  temperature  gradient  was  not 
exploited.  Our  experiment  showed  that  the  pure  SMP  alone  was  not  enough  to  grow  high  quality 
crystal  either.  After  repeated  experiments,  it  turned  out  that  a  combination  of  the  Berkeley  SMP 
and  our  TG  is  a  perfect  method  to  achieve  the  alloy  composition  grading  over  the  entire  visible 
spectrum.  The  setup  and  the  PL  spectrum  are  shown  in  Fig.  3.  Furthermore,  we  believe  that  this 
approach  is  a  more  general  approach  that  can  be  used  for  other  materials  systems  to  achieve 
spatial  alloy  composition  grading.  This  material  has  some  potential  unique  applications  in  solar 
cells  and  in  multi-spectrum  detectors.  These  applications  will  be  also  explored  in  the  future. 


8.)  Simultaneous  Green  and  Red  Lasing  from  a  Single  Hetero-structure  Nanosheet 


While  we  have  previously  demonstrated  multi-color  lasing  on  a  single  substrate  in  a  single 
CVD  growth,  but  the  multicolor  lasing  were  from  many  nanowires.  For  many  applications,  it 
is  more  important  to  be  able  to  achieve  lasing  from  a  single  nanostructure.  Using  a  novel 
growth  technique,  we  were  able  to  grow  CdS  and  CdSe  into  a  single  hetero-structure. 
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Figure  13  (A)  Real-color  PL  image  of  a  CdSSe  lateral 
heterostructure  nanosheet  excited  by  405  continuous-wave 
laser.  (B)  TEM  image  of  the  same  nanosheet.  The  scale  bars  in 
(A)  and  (B)  are  10  jam.  (C)  Comparison  of  sulfur  molar  fraction 
between  EDS  scan  (hallow  triangles)  and  micro-PL  scan  (solid 
squares)  along  the  white  dashed  line  in  (A)  and  (B). 


Figure  14  Real-color  PL  image  of  the  nanosheet  under  low  pumping 
power  density  at  room  temperature  (A)  and  under  409  kW/cm2  at 
77K  (B).  The  dashed  lines  in  (B)  denote  the  side  edges  of  the 
nanosheet.  The  scale  bars  in  (A)  and  (B)  are  10  pm.  (C)  Schematic 
diagram  of  the  nanosheet  waveguide  structures.  (D)  PL  spectra  at 
77K  under  increasing  levels  of  pumping  power  density  of  77,  173, 
241,  338  and  668  kW/cm2  from  bottom  to  top. 


9.)  Multi-Color  Lasing  and  Dynamical  Color  Control  in  a  Single  Nanowire 
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Figure  15.  Color  control  of  a  looped  wire  dual  color  laser.  (A)  Dark  field  image  of  the  looped  nanowire,  where  the 
scale  bar  is  10  pm.  Two  excitation  beams  are  focused  to  less  than  40  pm  spot  size  to  the  looped  and  straight  sections 
respectively.  (B1-B4)  Real  color  images  of  the  lasing  under  different  pumping  for  the  two  cavities.  The  images  are 
taken  from  the  red  box  in  A.  The  bright  spots  correspond  to  the  junction  of  the  loop.  The  insets  show  the  zoom-in 
images  of  the  junction  lasing  spots.  (C1-C4)  Normalized  lasing  spectra  under  different  controlled  pumping 
intensities,  collected  simultaneously  with  the  images  of  C1-C4.  The  intensity  ratios  of  the  green  and  red  modes  in 
C1-C4  are  10:0,  6:4,  3:7  and  0:10,  respectively.  (D)  The  calculated  colors  from  the  spectra  in  C1-C4  plotted  on 
CIE1931  color  space.  Star  (★),  triangular  (A),  circle  (•)  and  square  (■)  labels  correspond  to  C1-C4,  respectively. 

Alloy  nanowires  with  composition  graded  or  controlled  along  the  wire  axis  have  been 
demonstrated.  But  multi-color  lasing  from  such  wires  has  been  difficult  due  to  the  absorption  of 
short  wavelength  emission  by  narrow  gap  segments  on  the  same  wire.  However,  by  looping  the 
widegap  end  of  the  wire  into  a  closed  circle  (see  Fig.  15  A)),  a  separate  cavity  can  be  formed  that 
will  confine  the  short-wavelength  emission  without  being  strongly  absorbed  by  the  narrow  gap 
section.  In  such  a  partly  looped  structure  consisting  of  a  straight  section  and  a  looped  section,  the 
entire  wire  still  forms  a  cavity  for  the  long  wavelength,  but  the  looped  cavity  will  mainly  form  a 
cavity  for  the  short  wavelength.  In  this  way,  both  long  and  short  wavelengths  can  achieve  lasing. 
Thus  from  the  straight  end,  only  long-wavelength  (red)  can  be  measured.  But  from  the  short- 
wavelength  end,  both  colors  can  be  measured.  Thus  the  light  emission  from  the  short-wavelength 
end  is  a  mixture  of  both  colors.  Furthermore,  when  the  two  cavities  are  pumped  separately  with 
varying  intensities,  the  resulting  colors  from  the  short-wavelength  ends  can  be  varied  over  in  a 
wide  range  between  the  short-wavelength  and  long-wavelength.  As  we  can  see  from  the  figure, 
the  color  of  our  laser  can  be  controlled  from  red  to  green.  Such  dynamical  color  control  could  be 
eventually  used  for  display  and  other  applications  including  multi-color  fluorescence  imaging. 

10).  Design  and  Fabrication  Study  of  Electrical  Injection  Nanowire  Lasers 


Extensive  design,  simulation,  and  fabrication  study  have  been  carried  out  to  identify  a  complete 
process  that  would  lead  to  an  electrical  injection  single  nanowire  lasers.  A  simplified  version  of 
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Figure  16:  Fabrication  process  identified  a).  Deposit  Au/Ni  contact  metal  on  substrate,  Evaporate  p-ZnS:Cu; 
Grow  3-5  pm  thick  Si02  by  plasma  enhanced  chemical  vapor  deposition,  b)  Spin  coat  photoresist  (PR)  and 

photolithography  to  define  template  pattern;  RIE  Si02  using  PR  as  mask.;  further  continue  to  dry  etch  ZnS 

(2-300  nm);  c)  Dip  sample  in  HF  to  enlarge  the  hole  ;  deposit  gold  catalyst;  remove  PR  top;  d)  CVD  growth  of 
nanowires;  Spin  SU8  resist  the  fill  the  voids  around  nanowires;  planarize  sample,  leaving  200  -300  nm  of 
nanowire  outside  SU8;  e)  Sputter  n-ZnO;  deposit  a  thin  Ti/Au  on  top  and  then  deposit  thicker  Au  ring 
contact  elsewhere  of  the  sample  to  make  thick  enough  electrode. 


this  process  is  shown  in  Fig.  16.  The  final  electrical  injection  laser  is  shown  in  Fig.  16  (e).  The 
essence  of  the  final  device  is  explained  in  the  following:  The  intrinsic  nanowires  can  be  CdS, 
CdSe  or  their  alloys  that  constitute  the  gain  materials.  The  p-  and  n-contact  materials  are 
fabricated  using  standard  thin-film  technology  and  are  outside  of  nanowires,  avoiding  the 
complication  of  nanowire  doping,  which  is  still  difficult  to  control.  Also  such  design  allows  the 
utilization  of  other 
doped  materials  that 
are  available,  giving 
more  flexibility  in 
the  choice  of  doped 
contact  materials. 

The  waveguides  are 
mainly  the  high 
index  nanowires 
that  are  surrounded 
by  lower  index 

oxide.  The  metal  on  both  ends  of  nanowires  will  serve  as  high  reflective  mirrors  forming  both 
ends  of  the  nanowire-laser  cavity.  Detailed  numerical  simulation  verifies  the  design,  as  shown  in 
Fig.  17,  where  modal  Q  values  and  wavelengths  are  shown  for  CdS  and  CdSe  nanowires.  The 
threshold  gain  and  voltages  are  shown  in  Fig.  18  for  both  nanowires  as  function  of  nanowire 
length. 


Figure  17  Simulation  of  modes  and  their  Q-values  for  CdS  (left)  and  CdSe  (right)  nanowires, 
where  the  length  of  nanowires  is  3  microns.  The  material  gain  spectrum  is  also  shown  in  each 
case  with  blue  dashed  line,  indicating  the  spectral  overlap  with  one  of  the  modes. 


Figure  18  Threshold  voltage  (a  and  b)  and  gain  (c  and  d)  are  shown  from  simulation  as  function 
of  nanowir  length,  showing  that  reasonable  levels  of  the  threshold  gain  can  be  achieved  with 
our  design. 


Various  fabrication  experiments  have  been  conducted  to  test  the  feasibility  of  the  proposed 
approach.  But  the  fabricated  devices  have  not  been  able  to  show  expected  behavior,  or  produce  a 
lasing  device,  due  to  the  limited  time  and  resources.  Experiments  are  still  on  going  on  a  reduced 
scale. 


